Background: Surgical-site infection (SSI) is still the second most common healthcare-associated infection, after respiratory tract infection. SSIs are associated with higher morbidity and mortality rates, and result in enormous healthcare costs. In the past decade, several guidelines have been developed that aim to reduce the incidence of SSI. Unfortunately, there is no consensus amongst the guidelines, and some are already outdated. This review discusses the recent literature regarding alternatives to antibiotics for prevention of SSI.
Introduction
In the 1840s, Ignaz Semmelweis, a Hungarian doctor, was the first person to discover that pathogens migrate from one human to another 1 . Semmelweis observed a higher mortality rate in women after a delivery assisted by doctors and/or medical students compared with those supported by midwives. He suspected that the increased mortality was related to autopsies that were performed by the doctors and students before they assisted in a delivery. Therefore, he demanded everyone wash their hands in chlorine after an autopsy, before helping a pregnant woman. Although this change in practice led to a remarkable reduction in mortality amongst pregnant women, Semmelweis did not get much acclaim at that time, and eventually people believed he was crazy 2 .
In 1859, the biologist and chemist Louis Pasteur suggested that bacteria exist everywhere, not only on all human beings, but also in the air. In 1865, Joseph Lister translated Pasteur's theory into practice by preventing bacterial colonization of wounds 1 . Lister began to wrap wounds in gauze with carbolic acid. Later on, he applied these principles of preventing wound infection in the operating theatre. He covered the incisional area with clothes dipped in carbolic acid and the clothes were removed shortly before incision. Later, he developed a carbolic acid spray, which he applied to the surgical area. As well as this, he dipped his hands and the surgical instruments in carbolic acid 3 . As a result, mortality caused by wound infections declined.
One of the biggest steps in history in the prevention of wound infection was the discovery of penicillin by Alexander Fleming in 1928 1 . Nowadays, the treatment of wound infections is based on two major pillars: antibiotics and a combination of non-antibiotic treatments. These pillars are applied in the prevention of wound infection in patients undergoing surgery with surgical-site infection (SSI).
Alternatives to antibiotics for prevention of surgical infection e25
The definition of SSI is: an infection occurring within 30 days after the operation. SSIs can be classified as superficial, deep or organ infections 4 .
SSIs are still the second most common healthcareassociated infections, after respiratory tract infection 5 . The incidence of SSI in Europe in 2010-2011 was the highest after colonic surgery (10⋅0 per cent) and lowest after knee joint replacement (0⋅7 per cent) ( Table 1) 5 . Whether these numbers are realistic, is doubtful. Registrations differ by hospital, and a considerable number of SSIs, around 60 per cent, are thought to occur after hospital discharge, and thus not registered adequately 6 .
SSIs are associated with higher morbidity and mortality, and lead to higher healthcare costs 7 . The costs of SSIs diagnosed after discharge are estimated to be around US $5155 (€4748, exchange rate 25 October 2016), compared with US $1773 (€1833) for patients without SSIs after discharge 8 . A study 9 from a single hospital in the UK found that the additional costs for patients who developed a SSI were £5239 (€5846) higher. Another study 10 compared the costs of patients with, and without SSI between eight different hospitals in Japan and found the additional costs ranged from US $853 to US $5348 (€785-4925), with great variation between hospitals.
In 1999, the Centers for Disease Control and Prevention (CDC) in the USA published guidelines 11 on the prevention of SSI. These American guidelines include recommendations for the preoperative, perioperative and postoperative phases. More than 15 years later, these guidelines are still used in the USA as no update has been published. In Europe, there are no general guidelines. Every country has its own national, or even regional, guidelines 12 . This review discusses the recent literature regarding alternatives to antibiotics for the prevention of SSIs.
Preoperative measures

Preoperative showering or bathing
The American CDC guidelines 11 strongly recommend preadmission showering with an antiseptic agent on at least the night before admission. The number of showers or baths varies between hospitals, as does the required duration of application and the type and concentration of antiseptic detergent. The CDC recommendation is based mainly on evidence that preadmission showering reduces the numbers of bacteria on the skin. Other studies have shown fewer SSIs in patients with a reduced number of skin bacteria 13 . However, several recent papers 7, 13, 14 , including one meta-analysis of more than 17 000 patients, suggested that the effect of preoperative showering is inconclusive. The British guidelines 15 simply recommend instructing or 
Surgical scrubbing
The value of scrubbing by surgeons to reduce SSI is similarly inconclusive. The American guidelines recommend that surgical staff scrub their hands and forearms with an appropriate antiseptic for at least 2-5 min. The British guidelines recommend washing with an aqueous antiseptic surgical solution before the first operation, and washing with either alcoholic hand rub or antiseptic surgical solution before subsequent operations. No statement is made in any of these guidelines as to which antiseptic solution is preferable.
Many antiseptic solutions have been described; most used products are alcohol rub, chlorhexidine gluconate and povidone-iodine. There are numerous studies aimed at determining which antiseptic reduces bacterial colonization the best 17, 18 . Aqueous scrubs containing chlorhexidine seem to reduce the number of bacteria more than povidone-iodine, but the studies are of low quality 18 . There are a few well controlled studies with regard to which antiseptic is best, but, again, the evidence from all these studies is of low quality 18 . Furthermore, the studies could not detect any significant difference between the antiseptics. Nor is there consensus on the optimal duration of scrubbing 18 . In the American, British and Dutch guidelines, special attention is paid to fingernails. All three guidelines 11, 15, 19 discourage wearing artificial nails. However, with regard to nail polish, the guidelines are not consistent. It is believed that the presence of nail polish may reduce the efficacy of the scrub, although evidence is sparse 20 . Therefore, the American guidelines do not recommend removing nail varnish, in contrast to the British and Dutch guidelines. 
Cleansing of the operation site
As for hand antiseptics, there are many products to choose from for incisional-site cleansing. The classical antiseptics are povidone-iodine and chlorhexidine, as recommended in the British guidelines 15 . The American guidelines 11 simply state: 'use an appropriate antiseptic agent for skin preparation'. The Dutch guidelines 21 recommend a solution of 60-90 per cent alcohol with either 0.5 per cent chlorhexidine or 1 per cent iodine. Several studies 22 -25 have investigated which antiseptic is best in preventing SSI, with mixed results. A meta-analysis 23 and Cochrane review 22 showed results favouring chlorhexidine-alcohol over aqueous povidone-iodine in general surgery.
More recent studies showed no significant difference between the tested antiseptics. It is difficult to compare these studies because variable antiseptics and concentrations were used 26 -29 . A frequently used argument for chlorhexidine is that patients could be allergic to iodine. However, known adverse events of chlorhexidine are itching and burning, although two separate studies 25, 30 observed no differences in the rate of these side-effects in patients treated with chlorhexidine and/or iodine.
In conclusion, as the adverse events seem to be similar between chlorhexidine and iodine, evidence favours chlorhexidine over iodine in the prevention of SSI.
Recently, different microbial sealants have been developed that are considered to complement skin antiseptic preparation. These sealants are liquid, mostly with a cyanoacrylate base, and are applied directly on the surgical site, after skin cleansing but before skin incision. The package is sterile and single-use. Evidence regarding effectiveness is still sparse. A recent Cochrane review 31 identified seven studies with SSI as an outcome measure. After pooling, no significant difference was found between microbial sealant or no sealant in the incidence of SSI. So far, any potential benefit of microbial sealants is unproven.
Perioperative measures
Many perioperative factors are thought to contribute to the potential minimization of the risk of SSI. These factors can be divided into: environmental factors, such as air flow in the operating theatre and surgical attire; patient-related factors, such as the core temperature and blood glucose levels; and surgical factors, such as type of suture. A number of these factors will be discussed.
Environmental factors
Surgical attire was introduced to prevent SSI caused by antigens from the mouth, skin or clothes of the surgical team. The theory is logical, given the proven concept of Pasteur that antigens exist on skin and clothes. However, there is hardly any evidence in the literature that wearing surgical scrubs actually contributes to reducing the risk of SSI. Research suggests that the chest part of the surgical gown is the most sterile part after surgery 32 , but no data regarding the value of wearing gowns has ever been published. Even guidelines 11, 16 have concluded that there is almost no evidence of the benefit of surgical gowns (but nevertheless recommend they are worn).
Sterile gloves have to be worn when there is contact with a surgical field, including sterile instruments. This again is accepted, but hardly of proven benefit. The application of a second pair of surgical gloves reduces the rate of glove perforation, but whether this reduces the risk of SSI is unclear 33 .
A recent Cochrane review 34 showed that there was no evidence from three studies that wearing a surgical mask influenced the incidence of SSI. The American guidelines refer to two articles 35, 36 published in 1973 and 1990 in which the importance of wearing a surgical cap or hood is explained. Both articles describe outbreaks of surgical wound infection, seemingly caused by Staphylococcus aureus from the hair of surgeons. No recent literature is available on the value of surgical caps or hoods in the prevention of SSI.
In conclusion, there is lack of evidence that surgical attire prevents SSI. It does, however, prevent surgeons and nurses from coming into contact with patients' blood, and therefore serves as personal protection.
Once the antiseptics have dried, the incisional area is surrounded by drapes. The incisional area itself may be uncovered, or can be covered with plastic see-through adhesive drapes, termed incise drapes. Although these incise drapes are used widely, research shows that the risk of SSI is not reduced when they are applied, and some papers even claim that the risk of SSI is increased 37 . A possible explanation for the higher risk of SSI is that bacterial colonization under an adhesive drape is faster 37, 38 . Guidelines discourage the use of incise drapes because of these studies.
The airflow system in the operating theatre is an important factor in the creation of an aseptic environment. In 1964, Sir John Charnley was the first to introduce ventilated air in the operating theatre. A short while before he introduced the ventilated air, a study was published regarding airborne particles in the operating theatre, stating that most were transferred by surgeons going in and out of theatre. Sir John Charnley 39 suggested that, with a ventilated airflow, the particles could be blown away from the sterile operation area with clean air. He introduced this ventilated airflow during hip replacement surgery 40 .
After its introduction, optimization of the system followed, and nowadays two types of airflow system are used: conventional and laminar. In theory, supported by some research, laminar airflow is superior, although evidence at the expense of laminar airflow has also been published 41 . Costs for installation and maintenance of laminar airflow systems are relatively high compared with those for conventional airflow systems 42, 43 .
The air ventilation has been considered an important factor in reducing SSI. Opening of a door in the operating theatre can easily disturb the well controlled airflow and thereby constitute a risk of introducing bacteria. Therefore, the number of door openings is limited to a minimum, and in operations where implants such as prosthetic joints are used, a closed door protocol is maintained. However, a number of studies on this subject have taken the presence of airborne particles, not SSI rates, as the primary endpoint 44 .
Patient-related factors
Several patient-related factors contribute to the incidence of SSI. Examples of factors known to increase the risk of SSI are obesity, smoking, diabetes, chronic obstructive pulmonary disease (COPD), immunodeficiency and disturbed wound healing. To gain more insight into how these risk factors interfere with wound healing, it is important to understand the normal wound-healing process. Normal wound healing involves several stages 45, 46 . The first is haemostasis. After this, inflammatory cells migrate to the wound site. Neutrophils, in particular, play an important role, as they clear invading microbes. Macrophages remove apoptotic cells, including neutrophils that have gone into apoptosis after clearing microbes, but they also stimulate tissue regeneration through the excretion of cytokines. This induces the third phase, of proliferation. Fibroblasts within the wound bed produce collagen and other major components of the extracellular matrix. Fibroblasts, together with keratinocytes and some growth factors, induce angiogenesis. In the final phase, the remodelling phase, scar tissue is formed.
In patients with diabetes, keratinocyte proliferation and migration is disturbed 46, 47 . In obesity, the main problem in wound healing is a relative hypoperfusion 45 . Smoking probably interferes with the oxygen supply to the tissue by decreasing blood flow via a couple of pathways, including that nicotine causes vasoconstriction and increases blood viscosity 45 . A reduced oxygen supply to the peripheral tissues is also a fundamental problem in patients with COPD 45 . A detailed discussion of all these factors is not possible, and therefore only selected factors are reviewed.
High plasma blood glucose levels, in both the perioperative period and the days after surgery, are associated with a much higher risk of SSI, mortality and other complications 48 . A high blood glucose level causes the cell walls to become rigid and reduces permeability, with the result that less oxygen and nutrients are able to reach the wound site, causing impairment of wound healing 49 . A small number of RCTs regarding blood glucose level in surgery have been published, all very different from one another, and all with other outcomes 50 . Despite heterogeneity of patient populations, no benefit could be found in controlling blood glucose levels in terms of reducing SSI. However, owing to the clear evidence of an increased risk of SSI when blood glucose levels are too high, it is recommended that blood glucose is controlled during and after surgery.
Oxygen seems to be important for wound healing. Neutrophils are important in defence against pathogens, through oxidative killing. A high oxygen tension in tissues increases the activity of neutrophils 51 . RCTs and meta-analyses regarding this topic are contradictory, but it seems that high perioperative oxygen levels (80 per cent, compared with 30 per cent inspired oxygen) reduce the risk of SSI 51 -53 .
Maintaining a normal body temperature during surgery is something that has been recommended only in the past decade. Several factors contribute to the increased risk of SSI in patients with hypothermia: the body has an increased oxygen consumption; there is a hypercoagulable state; and the immune system is impaired. All three factors lead to impaired wound healing 54 . Prevention of hypothermia by the use of heating systems or blankets reduces the risk of SSI 54, 55 . Forced-air warming has been shown to be effective in maintaining body temperature 56 . Other proven measures include the use of blankets, administration of warmed intravenous and irrigation fluids, warming of anaesthetic air, and a high theatre temperature 57 . It should be borne in mind that the forced-air heating system is controversial in combination with ultra-clean air ventilation, but there is no high-quality information to prove this point 58 . Forced-air heating systems may interfere with airflow in the operating theatre, leading to contamination of the clean air.
Surgical factors
Longer duration of surgery is an independent predictor of SSI 59, 60 . This is probably due to prolonged exposure to micro-organisms in the operating theatre and higher risk of hypothermia 61 . The duration of an operation is not easily influenced. Something that can be influenced, however, is the invasiveness of the surgery. Minimally invasive procedures in liver, colonic and gynaecological surgery decrease the risk of SSI 62 -65 . This is partly explained by the smaller wounds created by laparoscopic procedures, as large incisions increase the risk of SSI 66 .
Blood transfusion also increases the risk of SSI 60, 64, 66, 67 . The volume of blood loss also seems to be associated with SSI rates, although different cut-off points are used in different papers 59, 66, 67 . The association between blood transfusion and SSI is based on a couple of theories. Blood transfusion may cause changes in the immune reaction with interference of white blood cells 68 . Levels of white blood cells are reduced, or even absent, in stored blood for transfusion; whether this increases SSIs is not clear 69 . It is important to minimize the amount of blood loss and give a blood transfusion only when really necessary 70 .
Wound irrigation before closure is discouraged by the British National Institute for Health and Care Excellence (NICE) guidelines 15 . However, a recent meta-analysis 71 showed a significant reduction in SSIs after wound irrigation compared with no irrigation, in colorectal surgery (odds ratio 0⋅51, 95 per cent c.i. 0⋅37 to 0⋅72). Wound irrigation with topical antibiotics seems even more effective than that with povidone-iodine. An important, but sometimes underestimated, part of the operation is closure of the wound. In some hospitals it is routine to rescrub before closure, whereas other surgeons only renew gloves, or do not change at all before wound closure. One study 72 investigated the difference between changing gloves, covering the used drapes with clean drapes and using a new set before closing the abdomen compared with completely rescrubbing, changing drapes and sets. The results suggested that taking more drastic measures is not always better: the rate of SSI was significantly higher when surgeons rescrubbed, new drapes were used and a new set was opened before wound closure.
Closure of the incision involves suture of different layers. For example, in closure of an abdominal wound, the peritoneum, fascia, subcutaneous tissue and skin can be closed.
Peritoneal closure
There is no consensus on whether the peritoneum should be sutured. A Cochrane review 73 identified five RCTs, but none reported SSI as an outcome. There was no significant difference in the incidence of wound dehiscence in patients who had active surgical closure of the peritoneum.
Closure of fascia
Polydioxanone sutures are used most often to close the fascia in abdominal surgery. In 2002, the first sutures with an antibiotic coating were approved for use. Following this, a great deal of research has been performed on the effectiveness of these sutures in preventing SSI. A meta-analysis 74 suggested that sutures with antimicrobial coating prevent SSI (risk ratio 0.67, 95 per cent c.i. 0.54 to 0.84). Shortly after publication of this meta-analysis, a large German trial, the PROUD trial 75 , was published, which showed no difference in the rate of SSI between the use of sutures with, or without antimicrobial coating. An update of the meta-analysis including the PROUD trial did not alter the initial conclusion that the incidence of SSI is lower in patients who received sutures with antimicrobial coating 76 . To reduce the risk of SSI, it is recommended that small, rather than large, suture bites are used. In other words, it is best to place sutures close to the incision and close to one another 77 . Recently, the STITCH trial 78 compared small versus large bites. In this double-blind, multicentre RCT of 560 patients, no significant difference was observed in the incidence of SSI. However, there was a lower incidence of incisional hernia when the fascia was closed with small bites.
Subcutaneous closure and subcutaneous drain
A recently published meta-analysis 79 found no evidence that closure of the subcutaneous layer reduces SSI. Some surgeons prefer to place subcutaneous drains, so that fluids cannot accumulate and infect, resulting in a SSI. Only a few studies regarding this topic have been performed, with mixed results. To date, there is no high-quality evidence in favour of placing a wound drain to prevent SSI 80 -83 .
Cutaneous closure
Tissue adhesives are easy and faster in use than sutures. There seems to be no significant difference in the rate of SSI between tissue adhesives and stitching, but more wound dehiscence tends to occur with tissue adhesives. Therefore, it is recommended to stitch the skin, rather than use tissue adhesives 84 . There is no evidence that continuous intradermal closure is better or worse than conventional interrupted sutures 85, 86 .
Last, but not least, it is important to maintain concentration during wound closure. There is evidence that case-irrelevant communication during closure of the wound leads to more SSIs 87 .
Surgical skills
The skills of a surgeon are also thought to be related to the incidence of SSI 44, 88 . Surgeons improve their skills by practising and repeating the same operation. Grantcharov installed a surgical black box in the operating theatre to register his operations and record the mistakes made to improve his own performance. He successfully implemented this idea in the training of young residents. With so-called deliberate practice, the technical performance of young residents improved 89 . It might be hypothesized that improvement of surgical skills could reduce SSIs.
In theory, combining all the above recommendations should reduce SSIs. However, studies that tried to combine several of these recommendations reported mixed results 90, 91 and no significant advantages over conventional care in preventing SSI 92 .
Postoperative measures
Several guidelines recommend covering the surgical wound with a dressing. Wound dressings can be divided into: basic wound dressings, advanced dressings and antimicrobial dressings. The American, British and Dutch guidelines recommend, irrespective of the kind of dressing, covering the wound for the first 48 h. However, this recommendation is not supported by recent literature, as the same rate of SSI is found when the wound is covered with a dressing as when it is exposed to the air, or if the dressing is removed within 48 h 93, 94 . Furthermore, there is no evidence that showering or bathing within 48 h after surgery has a negative effect on developing SSI 95 .
No major differences in rates of SSI were noted between the use of different wound dressings in patients undergoing elective gynaecological, orthopaedic, trauma, abdominal or spinal surgery 93,96 -98 . Silver has been used as a wound dressing for several decades 98 , mostly in patients with infections and burn wounds. Silver-based dressing seem to be better in preventing SSI than other dressings when used in elective abdominal and cardiac surgery 96, 97 . However, costs are relatively high compared with those of basic wound dressings 93 .
There is no evidence available on cleansing the wound at all, or cleansing it with tap water, sterile water or saline 99 .
Negative-pressure wound therapy
Negative-pressure wound therapy (NPWT) is a known treatment for acute and chronic open wounds. For several years, use of NPWT in closed incisions has been researched, with promising results. In various groups of patients there is evidence favouring NPWT over normal wound dressings 100 -106 . There are a number of possible mechanisms of action that justify using NPWT. One is that NPWT reduces soft-tissue oedema and swelling, thereby leading to improved tissue perfusion. The pressure on the wound bed might also be better distributed, and blood flow is thought to be improved by NPWT, all leading to less risk of SSI 107 .
Conclusion
SSI is still the second most common healthcare-associated infection 5 . Many risk factors for SSI have been established. The key in the prevention of SSI probably consists of a combination of multiple small interventions that aim to reduce the risk factors. To minimize SSI, structured perioperative guidelines have been introduced, although the evidence that these guidelines are effective is poor. Most current clinical practice is based on accepted conceived theories. Future research is of key importance to increase the evidence base of current guidelines, in order to decrease the incidence of SSI.
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